Bax is a Bcl-2 protein critical for apoptosis induction. In healthy cells, Bax is mostly a monomeric, cytosolic protein, while upon apoptosis initiation it inserts into the outer mitochondrial membrane, oligomerizes, and forms pores that release proapoptotic factors like Cytochrome c into the cytosol. The structures of active Bax and its homolog Bak are only partially understood and the topology of the proteins with respect to the membrane bilayer is controversially described in the literature. Here, we systematically review and examine the protein-membrane, protein-water, and protein-protein contacts of the nine helices of active Bax and Bak, and add a new set of topology data obtained by fluorescence and EPR methods. We conclude based on the consistent part of the datasets that the core/dimerization domain of Bax (Bak) is water exposed with only helices 4 and 5 in membrane contact, whereas the piercing/latch domain is in peripheral membrane contact, with helix 9 being transmembrane. Among the available structural models, those considering the dimerization/core domain at the rim of a toroidal pore are the most plausible to describe the active state of the proteins, although the structural flexibility of the piercing/latch domain does not allow unambiguous discrimination between the existing models.
Facts
• Bax and Bak are executioners in the intrinsic apoptotic pathway inducing mitochondrial outer membrane permeabilization (MOMP).
• Bax activation needs a multistep conformational transition from a soluble, monomeric protein to a membraneembedded homo-oligomer. Bax homo-oligomers assemble into multimers of dimers. Active Bak forms membrane-embedded homo-oligomers starting from membrane-embedded monomers.
• Inactive Bax and Bak have a globular fold. The active forms are composed of a dimerization/core domain that enables the formation of globular dimers and flexible piercing/latch domains involved in dimer-dimer contacts.
• Bax and Bak can be activated by activator BH3-only proteins like cBid or Bim and inhibited by pro-survival Bcl-2 proteins.
Open questions
• How do Bax or Bak oligomers align with respect to the membrane in order to form the functional pore?
• How many dimers are necessary to form one pore?
• Does the piercing/latch domain adopt a unique structure like the dimerization/core domain or can it only be described as an ensemble of flexible structures or as a disordered protein region?
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Introduction
Apoptosis is a form of programmed cell death pivotal for mammals and regulated by Bcl-2 proteins [1] [2] [3] [4] . Aberrant apoptosis causes severe diseases like cancer or autoimmune, as well as neurodegenerative diseases [5] . Therefore, Bcl-2 proteins are important targets for drug development [1, 6] , and the first drug directly targeting the Bcl-2 proteins (Venetoclax) was recently approved.
Bax and its homolog Bak are crucial for mitochondrial outer membrane (MOM) permeabilization [3, 7] . The knockout of both their genes drastically reduces the sensitivity of cells to apoptosis and is either lethal or leads to severe deformities in mice [8, 9] . Development of drugs targeting Bax/Bak is an important scientific goal [10] , but it is challenging as the structures of the active, membraneembedded proteins are unknown and the multistep conformational transitions are difficult to understand [11] [12] [13] [14] (Fig. 1a) .
The structures of the soluble, monomeric forms of Bax and BakΔC are solved and show a similar fold [15, 16] (Fig. 1b, c) . In healthy cells, the monomeric conformations of Bax and Bak are reversibly shuttling to the mitochondria with different rates [17] (Fig. 1a, states a and b) . Thereby, inactive Bax is mainly cytosolic and loosely associated at the MOM, whereas Bak is mainly MOM bound and part of a large protein complex containing the voltage-dependent anion channel 2 (VDAC2) [17] [18] [19] [20] . Proapoptotic stimuli shift the conformational equilibria toward the membranebound form (Fig. 1a , state b) [17, 21] .
To permeabilize the MOM, a transient interaction between Bax (or Bak) and an activator-type BH3-only protein takes place [14, [22] [23] [24] [25] [26] , followed by rearrangements at the N and C terminus and a partial opening of the hairpin between helixes 5 and 6 [12, 23, 25, [27] [28] [29] [30] , leading to deep membrane insertion of the protein (Fig. 1a, state c) . Afterward, homodimers are formed (Fig. 1a , state d) that assemble into higher-order oligomers [13, 14, 30, 31] (Fig. 1a , state e). Thereby, helices 2-5 (called the "dimerization" or "core" domain) form one very stable, symmetric dimer interface [25, 30, 32, 33] , whereas a dimer-dimer interface is formed by helices 6-9 (called "piercing" or "latch" domain) [30, [34] [35] [36] [37] [38] [39] . Membrane insertion of Bax induces changes in the membrane that enable the formation and stabilization of toroidal pores [30, 32, [40] [41] [42] [43] [44] [45] (Fig. 1a , state f). No clear differences between the membraneembedded conformations of Bax and Bak oligomers are reported, and the existence of hetero-oligomers [39, 46] suggest structural overlap.
Several structural and topology models of Bax and Bak have been suggested [30, 34, 39, [47] [48] [49] [50] . Most models present monomers or dimers in the membrane, but fail to explain how the pore is formed. The latter information is addressed only by two available models [30, 50] . Why is it difficult to reconcile the available data into a coherent structural model of active Bax (Bak) in the context of a MOM pore? We envisage three main reasons: (i) Bax dimers assemble into an ensemble of oligomeric structures, which are not unique in size; (ii) the "piercing/latch" domain is flexible, which makes structure determination very challenging; and (iii) the membrane is deformed by the protein, which complicates the assignment of the helix topology.
The oldest topology model of Bax suggested that helices 5 and 6 form a tight hairpin [49] (Fig. 1d) . It was challenged by cross-link experiments demonstrating hairpin opening upon Bax membrane insertion [25] and it was ruled out by X-ray structures and electron paramagnetic resonance (EPR) studies [25, 30, 33, 50] . Models suggesting an asymmetric or "daisy chain" oligomerization process [48] were also contradicted by these data. Kluck and coworkers performed water accessibility measurements on different regions in the Bax/Bak [37, 39, 47, 51, 52] , and proposed the "in-plane model", with helices 5 and 6 lying on an intact membrane (Fig. 1e) . Based on the EPR experiments [30] , we published a structural model of active Bax, in which helices 2-5 form a stable dimeric core in agreement with the X-ray data, the 5/6 helix hairpin partially open and helices 1 and 7-9 are disordered with respect to the core. Based on the structural model, we suggested two plausible topology models: one with helix 6 being the transmembrane (Fig. 1f ) and another, with two helices 6 clamping the membrane to stabilize the rim of a toroidal pore ("clamp" model in Fig. 1g ) [30] . Mandal et al. suggested a model of Bak, with the dimerization/core domain at the rim of the pore and the two helices 6 lying on one leaflet of the bilayer [50] (Fig. 1h) . Although all existing models share certain aspects, they differ by aspects like the type of contact (peripheral or transmembrane) of helix 5 or 6 with the membrane, the angle between helices 5 and 6, or whether the C2 symmetry of the dimerization/core domain is kept until the C terminus.
To provide a coherent description of Bax/Bak topology in the context of the pore, we compare the existing accessibility data of Bax and Bak and add two new experimental datasets using fluorescence spectroscopy and EPR techniques. Despite some incongruencies, most topology data are consistent with the following picture: the N terminus, helix 1, and the loop1/2 are highly water exposed and dislodged from the dimerization/core domain. The dimerization/core domains of two Bax or Bak monomers form a symmetric, stable dimer, in which helices 2 and 3 are water accessible, whereas helices 4 and 5 are in peripheral membrane contact. Helices 6-8 are also in peripheral membrane contact, and helix 9 is transmembrane. Finally, we integrate the topology data with the available structural data on Bax and Bak, and propose the most plausible organization of membrane-embedded, active Bax/Bak in the context of a toroidal pore.
Sequence conservation between Bax and Bak hinders the use of point mutations
We found it difficult to integrate all existing water and lipid accessibility data into a unique topology model due to some inconsistencies (see Supplementary  Information) . Besides the different techniques used, the discrepancies are likely due to structure and/or function alterations introduced by the point mutations [53] [54] [55] mostly used for these studies. To lay the basis for our discussion, we need to address the high degree of conservation of the primary sequences of human Bax and Bak (Fig. 2a) . Conserved and identical amino acids are highlighted in the three-dimensional (3D) structures of the monomeric and dimeric Bax (Fig. 2b, c) . In the monomeric form, conserved amino Fig. 1 Topology models of Bax and Bak. a Sketch of the conformational changes of Bax during the transformation from the soluble, monomeric, inactive state to the membrane-embedded, oligomeric, pore-forming state. The protein can exist at least in six conformational states (a-f). b Schematic view of the secondary structure of Bax with the BH domains highlighted. c Superposition of the structures of soluble, monomeric Bax [15] (color code as in b) and BakΔNΔC (dark gray) [16] . d-g 2D representation of four published topology models of membrane-embedded Bax/Bak dimers. One monomer is shown in gray and the other in red. The structure of helices 2-5 is based on the PDB: 4BDU [25] . d Hairpin model based on Annis et al. [49] . e "In-plane" model as proposed by Westphal et al. [47] . f, g Models of Bax based on a structural model suggested by Bleicken et al. [30] : model considering a planar bilayer (panel f, α6 TM model) and the "clamp" model in the context of a toroidal pore (panel g, left: 2D model, right: 3D model with possible contacts to other helices 6-9 of adjacent dimers in green and blue). h Model suggested by Mandal et al. [50] . Two dimers are shown, one in gray and red, and the second in blue and green Fig. 2 Sequence and structural homology of Bax and Bak. a Sequence alignment of the amino acids of human Bax (isoform alpha) and human Bak (isoform 1) using the tool EMBOSS Strecher [93] . Identical amino acids are green and conserved ones are orange. Bax helices H1-9 are indicated. Gray dots: mutants used previously to study Bax/ Bak topology; green dots: mutants used here. Red stars: mutations with a negative effect on protein activity (loss-of-function mutations), protein oligomerization (loss-of-dimerization mutations), or on the ability to adopt the soluble, the membrane-embedded, or both Bax/Bak conformations. More information is given in Supplementary Tables 1  and 2 . b, c Surface and cartoon representation of the structure of monomeric (b, PDB: 1F16) and membrane-embedded dimeric Bax (c, helices 2-6, based on Bleicken et al. [30] ). Identical amino acids in Bax and Bak are green and conserved ones are orange. The positions of G67 and G108 are indicated by black arrows in the dimeric structure. d Zoom-in structure of the core domain of Bax dimers with G67 and G108 are highlighted. In the membrane-embedded dimeric structure, G67 and G108 are so buried that mutations to R or E amino acids (for 67 and 108, respectively) provoke steric clashes (highlighted in red, using Pymol), which likely inhibits dimer formation. e Kinetics of Bax conformational change at 37°C derived by continuous-wave EPR using the two natural cysteines (C62 and C126) spin-labeled with MTSL (R1 side chain) on the Bax wild type and the G67R mutant (in the presence or absence of cBid and large unilamellar vesicles (LUV's) mimicking the MOM). Inset: EPR spectra of spin-labeled Bax wild type at the beginning (gray) and at the end (red) of the kinetics acids are spread over the whole structure, whereas in the membrane-embedded Bax dimers, a highly conserved region forming the intra-dimer interface is detectable (Fig. 2c) . Crucial for this interface are two highly conserved glycines (G67 and G108 in Bax; G82 and G126 in Bak). Replacement of either one to a larger amino acid can be tolerated in the monomeric conformation, but provokes a loss-of-function phenotype in the cells [12, 56, 57] , which is likely caused by steric clashes preventing dimer formation (Fig. 2d) .
As an example of the possible detrimental effects of point mutations, we show how the G67R mutation affects Bax activation. Bax WT and Bax G67R were labeled with a spin label at the two native cysteines (labeled side chains are indicated by R1), and continuous-wave EPR spectra were detected over time (technique introduced in Bleicken et al. [32] ). In case of Bax WT_R1 , membrane insertion and oligomerization induced clear spectral changes (Fig. 2e) , whereas under the same experimental conditions, Bax G67R_R1 showed no changes. Thus, Bax G67R lost the ability to be activated. Interestingly, Bax is an auto-active molecule [32, 58, 59] , and even in absence of cBid we could detect a spectral change in Bax WT_R1 , which was absent in the G67R variant (Fig. 2e) . Additionally, G67R is located in the proposed interaction area with Bid [25] , which might also affect protein activation. However, as Bax G67R_R1 is not autoactive, we can conclude that the mutation inhibits Bax conformational change, explaining the loss-of-function phenotype in cells [12, 56, 57, 60] .
Several point mutants provoking a loss-of-function or a change in fold or localization are described for Bax and Bak [37, 49, 51, [61] [62] [63] [64] [65] (see Supplementary Information). 21 of 26 loss-of-function mutations are placed at highly conserved positions (red asterisks in Fig. 2a ), demonstrating that mutations at conserved sites can largely affect Bax/Bak fold and function, and therefore must be chosen and analyzed with great care. However, roughly 80% of the Bax/Bak primary sequence and therefore many conserved residues were mutated for topology studies ( To systematically analyze the available topology data, we first assert whether the point mutant of interest is on a conserved amino acid, whether loss/gain-of-function mutations are described, and whether the published topology data are consistent (Supplementary Tables 1 and 2) . Additionally, we included new topology data on Bax using the singly labeled mutants proven to be functional in the liposome content release assays [30, 32, 73] and well folded both into the water-soluble and the membrane-embedded forms [30, 74] .
Methods used in topology studies
The Bax/Bak topology models are mainly based on two accessibility methods: IASD (4-acetamido-4'-((iodoacetyl)amino)silbene-2-2'-disulfonic acid) labeling [34, 37, 39, 47, 49] and EPR-based methods [32, 50, 67] (Supplementary Figure 1a ,b and Supplementary Table 1 and 2). We found that the data are not fully consistent even when the same technique is used, for example, IASD data on Bax L122C showed 10% accessibility in Annis et al. [49] , 60% in Zhang et al. [34] , and 80% in Westphal et al. [47] .
Thus, in the interest of reproducibility, we add here two independent methods to address protein topology based on fluorophores and spin labels bound to cysteines introduced into Bax (Figs. 3 and 4) . The fluorescence-based method probes the contact between the fluorophore NBD (nitrobenzoxadiazole) with water or lipid molecules (reviewed in Ladokhin [75] ). NBD fluorescence is quenched by water, whereas it is high in protein-protein or protein-membrane contact areas. To discriminate between the latter two possibilities, we introduced quenchers (in form of doxyl groups) at the lipid headgroup or at different positions in the lipid tail. This allowed to measure the immersion depth of the NBD into the membrane bilayer ( Fig. 3 and Supplementary Figure 2) . Recently, this technique was used on Bax by another group [76] .
The second method is based on electron spin echo envelope modulation (ESEEM) experiments (Fig. 4 and Supplementary Figure 3) . ESEEM is a pulse-EPR technique, which detects interactions between the unpaired electron of a protein-attached spin label and nearby deuterons, which can be added via deuterated glycerol in the buffer [77] [78] [79] [80] . When deuterium nuclei are close to the unpaired electron ( < 0.8 nm), a deuterium frequency modulation (around 2.3 MHz) is present in the ESEEM traces with an amplitude proportional to the concentration of nearby deuterons. Thus, a high-modulation amplitude indicates high water exposure of the spin-labeled site, whereas a low value correlates with shielding of the water molecules by lipids or protein contacts.
An overview on all accessibility data available in literature and those obtained in this work is presented in the following paragraphs and summarized in Fig. 5a (as well as Supplementary Figure 4 and Supplementary Tables 1 and 2 ). We classified the data into high, moderate, or low water accessibility (H, M, L). However, this classification depends on the positive and negative controls performed in each study, and therefore, the accessibility of one amino acid may vary between high and medium (or medium and low) and still be considered reproducible. In cases where independent studies vary between H or M or M and L, we classify the accessibility in Fig. 5a as high to medium (H-M) or medium to low (M-L), respectively. However, if the data vary between H and L, we consider the data as not consistent and the the amino acid will be marked by a question mark symbol (?) in Fig. 5a .
The N-terminal region before helix 2 is water exposed and dynamic in membrane-embedded Bax Surprisingly, 7 of the 15 flexible N-terminal amino acids of Bax [15] are identical to Bak, with 6 being glycine and prolines. In helix 1, 11 out of 19 amino acids are conserved and in the 1-2 loop 6 out of 18 (Fig. 2a) . Based on this degree of conservation, it seems reasonable to suggest that the N-terminal region before helix 2 has a functional relevance. Indeed, dislodging the N terminus and helix 1 from the protein core is described to be an early step in Bax/Bak activation [12, 25, 29, 30, 68] and N-terminal truncations; as well as isoforms with altered N terminus, or the P13A mutant all affect the Bax subcellular localization and functionality [81] [82] [83] .
All accessibility data agree that the N-terminal region is highly water exposed in the active conformation [28, 39, 49, Supplementary Figure 3) . c Comparison of the normalized deuterium peak intensities for all tested Bax variants. Values falling in the blue area indicate a high, in the yellow a moderate and in red a low water accessibility of the spin label Fig. 3 Fluorescence quenching experiments to probe Bax topology. a Bax secondary structure with positions used to attach fluorescence or EPR labels highlighted. b Color coding scheme of soluble and membrane-embedded Bax and positions of the TEMPO or doxyl group in the PC derivatives used in the following panels. c Sketch of four possible quenching conditions producing low or high fluorescence signals (details in Supplementary Figure 2a. d) . Example of fluorescence emission spectra of the NBD at position 126 in Bax (excitation at 478 nm). e, f Bar diagrams summarizing the fluorescence emission spectra results of the NBD-labeled Bax variants. In gray is the control signal of the soluble Bax. Prior to the measurement, samples were incubated for 60 min at 37°C with or without cBid and liposomes of different compositions (color code shown in panel b; excitation at 478 nm; emission at 541 nm). Mean values and error bars represent the standard deviation of six independent repetitions (except for the lipid mixture containing the doxyl group at position C14 with only four independent repetitions, data shown in Supplementary Figure 2b) . The asterisk in (f) refers to the level of significance based on a two-tailed t-test *p ≤ 0.02; **p ≤ 0.001; ***p ≤ 0.0001 calculated by GraphPad Prism 50, 67] and Bax C4NBD showed no indication of membrane contact in our experiments (Fig. 3e, f and Supplementary  Figure 2) .
It is controversially discussed, whether the region before helix 2 is involved in inter-monomer contacts. Cross-link experiments on activated Bak suggested inter-monomer contacts [39] , whereas Förster resonance energy transfer (FRET) and double electron electron resonance (DEER) experiments on activated Bax showed long, broad distance distribution between helices 1 [30, 72] . Additionally, the short distance between helices 1 and 2 in monomeric Bax becomes longer and more broadly distributed upon Bax activation [30] and the 1-2 loop becomes accessible [26, 28] . Thus, the N-terminal region of membraneembedded Bax/Bak is water exposed upon Bax/Bak activation and likely flexible with respect to the dimerization/ core domain, explaining the discrepancies between FRET, DEER, and cross-link data.
The dimerization/core domain of Bax (helices 2-5) is peripherally interacting with the membrane
The dimerization/core domain of two Bax (or Bak) monomers forms a very stable symmetric dimer in the membraneembedded conformation [25, 30, 33, 50] . Based on the available crystal structures, two distinct surfaces are formed The putative environment of the helix is indicated by the background color behind the wheel (blue-water contact; yellow-contact with the membrane; gray -protein-protein contact based on the X-ray structure of Czabotar et al. [25] ; light gray-putative protein-protein contact). The hydrophobicity of each amino acid is indicated by the color of the box: blue -positively charged; red-negatively charged; green-hydrophobic; white-other types). Amino-acid conservation highlighted by green (identical amino acid) or orange (conserved amino acid) stars on the upper left corner of the box. The water accessibility of each amino acid based on the available data ( [49, 37, 39, 47, 34, 50, 68, 52, 76] and our data) is indicated by the gray letters in the upper right corner of the box (classified as high (H), high to moderate (H/M), moderate (M), moderate to low (M/L) and low (L) water accessibility). The symbol "?" indicates accessibility data inconsistencies. Amino acids with known mutation-induced loss-of-function are highlighted by the "skull" symbol (mutations to be avoided), whereas the symbol "!!" indicate that mutants are described that affect protein function or subcellular localization. b Helix wheel representation of helix 9 highlighting positions for which zero-length cross-link data exist (red: Iyer et al. [37] ; gray: Uren et al. [39] ; violet: Zhang et al. [34] ). The data are classified into three groups: n: no cross-link detected; L: cross-link possible with low efficiency; H: cross-link with high efficiency. Inconsistencies are found for most positions by helices 2 and 3 and helices 4 and 5. The latter surface harbors several aromatic and hydrophobic amino acids likely facilitating membrane contact [25, 30, 33, 47] .
We probed different positions within the dimerization/ core domain by ESEEM or fluorescence experiments: three positions within helix 2 (Bax C55R1, Bax C62R1 Bax C72R1, Bax C62NBD ), one after helix 3 (Bax C87R1 ), one in the loop between 4 and 5 (Bax C101R1, Bax C101NBD ), and one at the end of helix 5 (Bax C126R1, Bax C126NBD ). ESEEM data showed that Bax C55R1, Bax C62R1 , and Bax C87R1 were highly water accessible, whereas Bax C72R1 , Bax C101R1 , and Bax C126R1 were moderately accessible (Fig. 4c and Supplementary  Figure 3) , suggesting that none of the investigated positions are membrane embedded. In line with this, the fluorescence data showed Bax C62NBD water exposed with some contact to the lipid headgroups, but no lipid tail contact, whereas Bax C101NBD and Bax C126NBD showed a strong quenching by the doxyl group attached to the lipid headgroup, and some quenching by doxyl groups at the tail positions C5 and even C10 (Fig. 3e, f and Supplementary Figure 2) . These results are in line with helix 5 being in peripheral membrane contact [25, 30, 47] , whereas helices 2 and 3 being water exposed.
All published data on helix 3 and the following loop are consistent with high water accessibility. In contrast, the data on helix 2 (harboring the BH3 domain) are not fully consistent and several loss-of-function mutations are described in the region (Fig. 5a) . The IASD studies of Kluck lab showed eight highly water exposed, three > 50% water exposed, and one (A79C) < 50% water exposed positions in helix 2 [39, 47] . In contrast, Zhang et al. [34] studied five positions and found them all to be < 50% water exposed, whereas EPR studies suggested four positions involved in protein-protein contacts [32, 50, 67] . Finally, FloresRomero et al. [76] detected a low water and a low lipid accessibility for two positions in helix 2, also in line with a protein contact area. An example of data inconsistencies is the following: E69C (in Bax, D84C in Bak) was found to be 100% water accessible in Uren et al. [39] , 10% accessible in Zhang et al. [34] , and a third study described the D84G mutation to have a loss-of-function phenotype [65] (more examples in the Supplementary Tables). The observed inconsistencies together with the existent loss-of-function mutants show that point mutations in helix 2 can strongly affect the protein fold or function.
The situation for helices 4 and 5 (harboring the BH1 domain) is similar. 20 out of 39 amino acids are conserved and five point mutations provoke a loss-of-function phenotype (Fig. 5a ). Kluck lab studied 10 mutants in helix 4 and the loop 4/5 of Bak. Most positions were highly water exposed, with one (A107C) being inaccessible. The accessibility results of the other groups mainly agree with the high water accessibility, with the exception of Flores-Romero et al. [76] . The data on helix 5 are less consistent, and especially mutations on the conserved amino acids N106, V111, F116, and L122 are problematic (Fig. 5a and Supplemental Information). We tried to place a cysteine within helix 5, but none of the tested mutants was correctly labeled, folded, and functional (data not shown). Thus, similar to helix 2, mutations in helix 5 should be done with great care.
In summary, the dimerization/core domain is involved in tertiary or quaternary protein contacts. Helices 2 and 3 have mostly water-exposed surfaces, whereas helices 4 and 5 are in contact with the membrane headgroups, but they are not deeply embedded in the bilayer.
Helix 6 is in peripheral contact with the lipid headgroups
Helix 6 and the short loops next to it have 8 of 22 amino acids conserved. This helix is described to be involved in homodimer contacts [35, 36, 47] , and in the published topology models it is either transmembrane or in peripheral membrane contact (Fig. 1d-h ).
Here we studied the accessibility of Bax C135NBD (in the middle of helix 6) and Bax C149NBD , as well as Bax C149R1 (immediately after helix 6). Bax C149R1 showed a moderate water accessibility (Fig. 4c and Supplementary Figure 3) , but due to the position at the end of helix 6, this result can be in line with both peripheral or transmembrane contact. However, Bax C135NBD and Bax C149NBD are found to be both significantly quenched by doxyl groups attached to the lipid headgroups and at position C5 and C10, but not C14 (Fig. 3e, f) . As position C135 is in the middle of helix 6, this strongly suggests that helix 6 is in peripheral membrane contact and not transmembrane.
The published accessibility data on helix 6 are not fully consistent. Helix 6 was intensively studied by EPR and all tested amino acids were reported to be in membrane contact [50, 67] , whereas IASD results showed several highly water accessible amino acids in the area [39, 47, 69] . Controversial results exist especially on positions 135, 139, and 146 in Bax (153, 157, and 164 in Bak), which is interesting as all three amino acids are on the same side of helix 6 (Fig. 5a) . Therefore, it is tempting to speculate that these amino acids are involved in the inter-dimer interface and may be therefore difficult to exchange. Published cross-link data (using zero-distance linkers) agree with this interpretation, but alternative orientations of the interacting helices are also possible [35, 36, 47] . In summary, helix 6 is in peripheral membrane contact and is involved in interdimer contacts in active Bax and Bak.
The BH2 domain (helices 7 and 8) of Bax and Bak
The least studied part of Bax/Bak is the region between helix 6 and 9 harboring the BH2 domain. Only few accessibility data are available and show highly or moderately water-exposed residues (Fig. 5a ). As the flanking helices 6 and 9 are in peripheral membrane contact and transmembrane, respectively, helices 7 and 8 should have at least some membrane contact. We successfully place one spin label (C163R1) in this region and we detected by ESEEM a moderate water accessibility (Fig. 4c  and Supplementary Figure 3) . Figure 5a shows a helix wheel projection of helices 7 and 8 forming one single helix. This helix has one highly conserved hydrophobic surface (Q155, L162, W151, and W158 in Bax) possibly in contact with the membrane, whereas on the opposite side of the helix has a motif with two conserved glycines and two small amino acids (glycines in Bax and alanines in Bak) that may hint toward the presence of a protein-protein interface. Based on all data, we surmise that helices 7 and 8 are in peripheral membrane contact and might be involved in inter-dimer contacts.
Helix 9 of Bax is a flexible transmembrane helix
Fusions of helix 9 of Bax or Bak to the green fluorescent protein (or a FLAG tag) are reported to localize at the MOM [64, 70, 84] , which suggested that helix 9 is transmembrane and anchors Bax/Bak to the MOM. Our accessibility data corroborate this notion: Bax C172_NBD and Bax C186_NBD (positioned at the N and C terminus of helix 9) showed a large (3-to 4-fold) increase in fluorescence intensity upon membrane insertion and the presence of doxyl groups at the lipid's headgroup region or along the tail quenched by their fluorescence (Fig. 3e, f and Supplementary Figure 1e and 2b). Bax C186_NBD was even significantly quenched by the doxyl group at position C14 in the hydrophobic center of the membrane (Fig. 3f) . Accordingly, Bax C169R1 (before helix 9), Bax C172R1 , and Bax C186R1 showed a low water accessibility by ESEEM, whereas Bax C193R1 (last C-terminal amino acid of the protein) shows a moderate water accessibility (Fig. 4c and Supplementary Figure 3) .
The published accessibility data are not fully consistent, which is likely due to the fact that many mutations in helix 9 affect the intracellular localization of Bax and Bak [12, 37, 70] (Fig. 5a and Supplementary Table 1 ) and therefore may interfere with the interpretation of the accessibility data. Additionally, helix 9 is involved in dimer-dimer contacts within the Bax and Bak oligomers [30, 34, 37] . Two groups studied the contacts using zero-distance crosslinkers [34, 37, 39] , which should allow to identify the interaction interface and indeed Zhang et al. [34] suggested one. However, drawing the cross-link results of different groups into a helix wheel representation revealed data inconsistencies (Fig. 5b) , making it impossible to define a unique interaction interface. Thus, helix 9 is transmembrane and involved in inter-dimer contacts.
Structural organization of membrane-embedded Bax in context of the toroidal pore
The accessibility data on membrane-bound Bax suggest the following topology model: the N terminus, helix 1, and the loop1/2 are highly water exposed, flexible, and dislodged from the dimerization/core domain. Helices 2-5 of two monomers form the symmetric dimer interface with one water accessible surface formed by helices 2 and 3 and one hydrophobic surface formed by helices 4 and 5, likely in peripheral membrane contact. Helix 6, 7, and 8 are in peripheral membrane contact and helix 9 is transmembrane. Moreover, helices 6-9 are involved in inter-dimer contacts.
Intriguingly, these data perfectly agree with the "in-plane model" [47] when sketched on a intact membrane (Fig. 6a) . However, they are also fully in line with the "clamp model" [30] and the model suggested by Mandal et al. [50] , which consider the toroidal pore formed by membrane-bound Bax oligomers. The available data completely exclude the "hairpin model" [49] and the "helix 6 TM model" [30] .
One experimentally testable difference between the "inplane" [47] , the "clamp" [30] , and the "Mandal" model [50] is the localization of helix 6 with respect to the dimerization/core domain. In the "in-plane model", the end of helix 6 (position 149 in Bax) is in the same plane as the dimerization/core domain, whereas the other two models place it on a different plane (Fig. 6b) . Information about the localization of helix 6 with respect to the protein core was obtained by DEER via distance constraints between position 149 and six positions within the dimerization/core domain [30] . Using a multilateration approach, which is in a nutshell a GPS localization on a nanometer length scale, the end of helix 6 was located in a plane about 4 nm below the center of mass of the dimerization/core domain [30] , and thus "off plane" (Fig. 6b) . The probability to find position 149 in the same plane as the dimerization/core domain was found to be negligible [30] .
We would like to highlight that analyzing the DEER traces on membrane-embedded Bax oligomers is challenging because it is impossible to completely suppress intermonomer distances, and the distance constraints toward the piercing/latch domain were broadly distributed due to the flexibility of this domain [30] . However, as the localization of position 149 with respect to the membrane plane is a key difference between models, we recalculated its localization probability using a larger standard deviation of the main distances of the already published constraints [30] , supported by new DEER traces measured for pairs 101-149, 87-149, and 62-149 (Supplementary Figure 5) . Based on the new calculations, the probability cloud for position 149 has a larger size, but the top 50% probability density still strongly supports a helix 6 kinked out of the membrane plane (Fig. 6c) . Thus, we can conclude that the "in-plane model" may account for a minor population of the Bax oligomer or a transiently populated pre-pore state, whereas in the majority of active Bax molecules helix 6 is "off" the membrane plane.
The dimerization/core domain has has a crescent shape (Fig. 6d [25] ) with one hydrophobic surface (helices 4 and 5) that based on its size and shape fits well to the curved rim of a toroidal pore, as suggested by the "clamp" and the "Mandal" models. The main difference between these two Fig. 6 Structural organization of membrane-embedded Bax in context of a toroidal pore. a Model of the water/membrane accessibility of the nine Bax helices (one monomer shown in red; helix 2-4 of a second dimerization/core domain shown in gray) on a lipid bilayer. b Scheme of an "in-plane" or "off plane" helix 6 with respect to the dimerization/ core domain of Bax. Color code as in panel a. Position 149 is indicated with a dark red sphere and the plane of the dimerization/core domain as gray rectangle. c Dimerization/core domain and recalculated offplane localization of residue 149 (red cloud) for the red monomer. The dark red localization surface represents the top 50% of the probability density. The point of highest probability density is represented as a small dark dot. d Sketch of the dimensions of a Bax dimer. e Schematic model of a Bax dimer at the rim of a toroidal pore showing the flexibility of the piercing/latch domain with respect to the dimerization/core domain. f-i 3D topology models of the dimerization/core domain of two Bax monomers (red and gray) within one Bax dimer together with the localization cloud of position 149 in the context of a toroidal pore. Two views are presented (front and side view). For all models, the end of helix 6 is in a different plane than the membrane. The four models vary in how the two interacting helices 2 (yellow bars on the top of each panel) in the dimerization domain are oriented with respect to the membrane plane: f "clamp" model, with helix 2 parallel to the membrane plane; g perpendicular orientation; h "Mandal" model with helix 2 rotated by −45°with respect to the membrane plane; i +45°orientation. The red dot indicates one possible localization of helix 6 belonging to the red monomer. The gray dot labeled with "S" (symmetric) indicates where helix 6 of the gray monomer would be keeping the C2 symmetry. The gray dot labeled with "A" (asymmetric) indicates where helix 6 of the gray monomer would be when the C2 symmetry axis is broken after helix 5 models is that the C2 symmetry of the dimerization/core domain is assumed to exist throughout the protein in the first model [30] , whereas it is broken after helix 5 in the second [50] . Both models are plausible, considering inherent protein flexibility between the dimerization/core domain and the piercing/latch domain suggested for active Bax [30] and Bak [39] , which increases toward the C terminus (Fig. 6e) .
Figures 6f-i show how Bax/Bak may arrange in the context of the toroidal pore, with the dimerization/core domain placed at the rim of it. The localization of position 149 is shown as cloud in the same color as the the corresponding dimerization/core domain. Each subfigure shows two different pore views: one highlighting the orientation of the dimerization/core domain and one the localization of 149. The four subfigures vary by the angle between helix 2 and the membrane plane as illustrated at the top of each subfigure. Figure 6f represents the "clamp" model, in which the two interacting helices 2 of each dimer are parallel with respect to the membrane plane, whereas Fig. 6g shows the perpendicular orientation. The two orientations at +45 or −45 degrees are shown in Fig. 6h , i (with the −45 degrees view presenting the "Mandal" model). In each proposed orientation, the 149 clouds allow helix 6 to be in peripheral membrane contact, in agreement with the topology data. Moreover, we checked whether symmetric (C2 symmetry conserved) and asymmetric (C2 symmetry broken) helix 6 orientations are plausible. Thereby, helix 6 of the red monomer was always placed on top of the upper membrane leaflet (red dot), whereas helix 6 of the second gray monomer was either on the lower leaflet or upper leaflet depending if the C2 symmetry was kept or broken (the gray dot with"S" represents helix 6 in a scenario keeping the C2 symmetry, whereas the gray dot with"A" represents the asymmetric counterpart). Surprisingly and owing to the large localization probability, both arrangements are plausible for all four subfigures. However, to allow the asymmetric conformation, the 5-6 loop in one of the two monomers needs to be stretched (see Fig. 1h ).
In summary, the most plausible models are the "clamp" and the "Mandal" models, as well as other models with the core/piercing domain at the rim of the pore. Due to the flexibility of the piercing/latch domain, further model discrimination is currently not possible.
Biological implications and outlook
Besides agreeing with the available data, the favored topology models can explain how Bax and Bak enable the release of Cytochrome c and much larger complexes like mitochondrial DNA [85, 86] into the cytosol, which is a long-standing question in the apoptotic field. Bax and Bak are suggested to form stable toroidal pores [40-42, 44, 87] that are meta-stable lipid arrangement requiring proteins to be stabilized. Based on the suggested models in Fig. 6f -i, Bax and Bak could stabilize a toroidal pore by at least four mechanisms known to stabilize highly curved membranes [88] [89] [90] . First, each dimer placed on the pore rim has >20 hydrophobic and aromatic amino acids in helices 4 and 5 to stabilize the lipid structure, and the crescent-like shape of the rigid core/dimerization domain could act as scaffolding chaperone, further stabilizing the pore. Second, each amphipathic helix 6 in the dimer would stabilize the adjoining lipids. Third, the transmembrane helix 9 would anchor the whole structure into the membrane, further stabilizing the lipid arrangement. Fourth, the formation of higher-order oligomers [13, 30, 32, 35, 36, 91] would potentiate the stabilizing effect.
Inter-dimer contacts are most likely built by contacts between piercing/latch domains [30, 34, 35, 37, 92] . The observation that this domain is flexible (disordered) with respect to the dimerization/core domain may provide clues on how Bax/Bak oligomers adapt their size to allow pore growth upon increasing protein concentration [40, 42] and over time [85] or how Bcl-xL can reduce the size of Bax oligomers [13, 58] and act as an inhibitor.
The next key step to fully understand the structure of the Bax/Bak pores is to address whether the C2 symmetry of the dimerization/core domain is kept into the piercing/latch domain or if heterogeneous symmetric and non-symmetric configurations exist in the membrane. If the symmetry holds, two helices 9 within one dimeric unit must be antiparallel, whereas a break in the symmetry allows parallel arrangements. Notably, parallel arrangements of helix 9 exist in the oligomers [30, 34, 37, 92] , but discriminating whether they arise from intra-or inter-dimer contacts has not yet been possible and will remain challenging, considering the high flexibility of the piercing/latch domain.
Even when the structure(s) of the active oligomers will be completely unveiled, more challenging questions will emerge. How many Bax/Bak dimers are minimally needed to form a pore? How are oligomer size and pore properties quantitatively related? How interactions with anti-apoptotic Bcl-2 proteins or other regulators affect the structure of the membrane-embedded Bax/Bak oligomer and the pore structure?
